Liquid metals at extreme pressures and temperatures are widely interested in the high-pressure community. Based on density functional theory molecular dynamics, we conduct first-principles investigations on the equation of state (EOS) and structures of four metals (Cu, Fe, Pb, and Sn) at 1.5-5 megabar conditions and 5×10 3 -4×10 4 K. Our first-principles EOS data enable evaluating the performance of four EOS models in predicting Hugoniot densities and temperatures of the four systems. We find the melting temperature of Cu is 1000-2000 K higher and shows a similar Clapeyron slope, in comparison to those of Fe. Our structure, coordination number, and diffusivity analysis indicates all the four liquid metals form similar simple close-packed structures. Our results set theoretical benchmarks for EOS development and structures of metals in their liquid states and under dynamic compression.
I. INTRODUCTION
Metallic liquids widely exist in nature at planetary interiors, such as the outer part of the Earth's core which is made of iron-rich fluids under multi-megabar (Mbar) pressures and thousands-Kelvin temperatures. Essentially, convection of the conductive fluids has been generating a magnetic field that is crucial to the planet's habitability. Accurate understandings of the structure, equation of state, and transport properties of the high-pressure liquids are crucial to geophysical modeling of the dynamics and chemistry and deciphering the energy budget, geomagnetism, and formation and evolution of the planet. 1 Liquid forms of matter at extreme conditions are also ubiquitously generated in laboratory during shock experiments. Typically, the temperature-pressure conditions probed in the experiments are along the Rankine-Hugoniot curve 2 , which is much steeper than the melting curve and therefore can easily produce high-pressure liquids.
However, as a result of interplay between complexities in atomistic and electronic structures, the study of high-pressure liquids has posed grand challenges to both theory and experiment 3 . Over the past few decades, experimental studies have been relying on x-ray/neutron scattering and optical probes combined with static compression techniques, such as those using a high-pressure vessel 4 , a multi-anvil press 5,6 , or a diamond-anvil cell (DAC) 7, 8 , to measure the structure and properties of liquids under pressure. These experiments, usually performed at up to a few tens gigapascal (GPa) in pressure and a few thousands Kelvin in temperature, have revealed many interesting physics of structural and electronic phase transitions in a wide variety of materials. For example, evidences were found on the existence of liquid-liquid phase a) Electronic mail: szha@lle.rochester.edu b) Electronic mail: moralessilva2@llnl.gov (LLP) transitions in single-element substances of phosphorus 9 , silicon [10] [11] [12] [13] , germanium 14 , gallium 15 , nitrogen 16 , and hydrogen [17] [18] [19] [20] as well as in oxides, molecules, and alloys 21, 22 , and on metallization in liquid selenium, sulfur, iodine, nitrogen, and hydrogen 16, 23, 24 .
In recent years, techniques that combine ultra-bright, highenergy x-ray with dynamic compression have been developed in places such as the Matter at Extreme Conditions end station of the Linac Coherent Light Source x-ray free-electron laser 25 and the Dynamic Compression Sector at Advanced Photon Source 26 . These advances have enabled in situ structural determination of liquids in laboratory along with equations-ofstate measurements for matter at extreme conditions. Theoretically, a natural way of simulating materials at finite temperatures is by doing molecular dynamics (MD). In these simulations, atoms are treated as particles that interact with potentials in certain forms. The potentials are usually empirical and chosen either in analytic or numerical forms (so called "classical MD"). Classical MD approaches have shown great usefulness in simulating materials in a temporal scale (e.g., nanoseconds) that is close to that experienced by materials in shock compression experiments or during meteorite impacts 27 . The considerable spacial scale (e.g., millions of atoms) of classical MD simulations provides rich information about the response of materials at high pressure and temperatures. 28, 29 However, due to the temperature and pressure dependence of electronic interaction, accuracy and transferability of the empirical potentials and reliability of the classical MD results are typically questionable. 30, 31 And one has to rely on first-principles MD [32] [33] [34] [35] , such as those based on density functional theory (DFT) [36] [37] [38] , in order to acquire a more precise description of the electronic interaction and properties of materials.
As the state-of-art quantum mechanical approach for condensed matter studies, DFT simplifies the many-body interaction in real materials into a single-particle mean field problem, with an effective potential including an exchange-correlation term that is subject to users' choices in their calculation. This has enabled accurate simulations to the electronic level that is computationally feasible. DFT-MD has been widely used to set theoretical benchmarks for the equation of state (EOS), structures, and properties of a wide variety of materials at cold to warm dense conditions [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , in particular liquids in multi-Mbar conditions. These calculations, in synergy with the ongoing experimental developments, are expected to unveil the extreme physics of the matter and provide important inputs for developing better potentials for large-scale MD simulations and building reliable EOS models for hydrodynamic simulations.
In this paper, we report DFT-MD simulations of four metals: iron (Fe), copper (Cu), lead (Pb) , and tin (Sn) . The calculations are at 1.5-5 Mbar around the respective Hugoniot curve of the materials. The discussions are focused on the EOS, shock Hugoniot, and the atomistic structure. We also briefly talk about transport properties in connection to the structural results. Our results indicate that all the four systems, when in their liquid form and at the conditions considered in this work, show close-packed simple structures.
II. COMPUTATIONAL DETAILS
All our MD calculations are conducted within DFT and using the Vienna Ab-initio Simulation Package (VASP) 50 . The setup of the simulations are summarized in Table I . For simplicity, we implement the "mean-value" k point 51 of (1/4, 1/4, 1/4)2π/a, where a denotes the size of the cubic simulation cell, to sample the entire Brillouin zone. We use the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, a projected augmented wave (PAW) 52 pseudopotential, and time steps of 1.5-5.2 fs that depend on the temperature and the density.
For Fe and Cu, we start each simulation from a 128-atoms cell constructed by 4 × 4 × 4 times the 2-atom body-centeredcubic (bcc) unit cell. The simulations of Sn and Pb use cubic cells each containing 256 atoms and starting with representative liquid snapshots from simplified "warm-up" calculations. The setup for the "warm-up" calculations is similar to the main, productive ones but the number of electronic bands are smaller. This makes the calculation faster while still generating reasonable structural snapshots in the number of a few thousands that consist the MD trajectory. The starting configuration for the "warm-up" calculations are 4 × 4 × 4 times the 4-atom face-centered-cubic (fcc) unit cell.
We use a Nosé thermostat 53 to generate MD trajectories in canonical (NV T , i.e., constant umber of atoms, constant volume, and constant temperature) ensembles. Each MD trajectory consists 12000-20000 steps for Sn and Pb, and 1000-8000 steps for Cu and Fe. When calculating the EOS and analyzing the structures, we disregard the beginning 20% and perform block averaging over the remaining part of each MD trajectory, in order to make sure the analysis are for the system in equilibrium. The ion kinetic contributions to the pressure and energy are included in the EOS following an ideal gas model. We perform convergence tests on the cell size, basis set cutoff, and k sampling point/grid, and found the EOS, structure, and diffusivity results to be the same within the standard errorbar of our data.
Using the EOS data from the DFT-MD calculations, we determine the pressure-density-temperature shock Hugoniot curves. This is done via the Rankine-Hugoniot equation 2 H = E − E 0 − (P + P 0 )(V 0 − V )/2 = 0, where (E, P,V ) and (E 0 , P 0 ,V 0 ) denote the total internal energy, pressure, and volume of a sample under steady shock and in the initial state, respectively. The Hugoniots that are obtained by first fitting the EOS along each isotherm (isochore) using cubic splines and then determining the pressure, energy, and volume (temperature) conditions at which the Hugoniot equation is satisfied. The values for the initial energy and pressure used in this work are summarized in Table II . We obtain these numbers by performing DFT calculations using the ambient structure of each metal, i.e., fcc at 8.96 g/cm 3 for Cu, ferromagnetic bcc at 7.877 g/cm 3 for Fe, bcc at 11.34 g/cm 3 for Pb, and β -tin at 7.287 g/cm 3 for Sn. An additional bcc (fcc) structure with the same density for Cu (Pb) was tested to check the dependence of the Hugoniot on the initial condition. We calculate the radial distribution function g(r) by analyzing inter-atomic distances along MD trajectories. The structure factor is obtained from g(r) according to the definition
where n is the density in units of atoms/volume. We choose the number of bins to be ∼100 when calculating g(r) and a bin size of 0.005 Å −1 when calculating S(k). We have tried other bin sizes and found the g(r) and S(k) profiles are not sensitive to those variations. We also calculate S(k) from the DFT-MD trajectories according to its definition ρ * (k)ρ(−k) , where ρ(k) = exp(ik · r)dr is the electron density, and found S(k) results obtained in the two separate ways are consistent with each other.
III. RESULTS AND DISCUSSION

A. EOS and Hugoniot
Our first-principles EOS and Hugoniot for the four metals are summarized in Fig. 1 . We also show Hugonoits predicted by LEOS models (LEOS 260 for Fe, LEOS 290 for Cu, LEOS 820 for Pb, and LEOS 500 for Sn) to evaluate their performances by comparing to our DFT-MD results.
Our EOS results show that, around 1.5-5.0 Mbar, the Hugoniot temperatures of Pb and Sn is higher than that of Fe and Cu. This is explained by the larger compression ratio of Pb and Sn than Fe and Cu, which has to be compensated by a larger increase in the internal energy according to the Hugo-
The larger compression ratio of Pb and Sn is consistent with their smaller bulk moduli 58 and larger thermal expansion coefficients 59 than those of Fe and Cu.
Along the isochores, our DFT-MD data show discontinuity in pressure at densities between 12.0-13.5 g/cm 3 for Fe and 13.0-15.0 g/cm 3 for Cu. This is a signature that the simulation temperature is near the melting curve. We use the meansquare displacement (MSD) as a criteria for judging whether the system remains an equilibrium fluid, a crystalline solid (shown with black symbols in Fig. 1 ), or some meta-stable (red symbols in Fig. 1 Hugoniots are Hugoniot conditions corresponding to a bcc (fcc) initial structure with the same density as that used for the fcc initial structure. The gray shaded area in the left panel denotes the recently measured melting curve of iron in resistance-heated DAC 54 . The shock-wave data for iron melting temperature scatter above the DAC curve by ∼500-1700 K 55-57 . Our results also show the melting temperature of Cu is 1000-2000 K higher than that of Fe in the pressure range of 2-3.75 Mbar. In comparison to the comparison by Japel et al. 60 at up to 1 Mbar, our results indicate the Clapeyron slopes of the melting curves of Fe and Cu become more similar in the regime of 1.75-3.75 Mbar than below 1 Mbar. In comparison to predictions by the LEOS models, our results indicate that LEOS 290 (260) predicts Cu (Fe) to be slightly harder along the Hugoniot at pressures above 2 Mbar and more so for Cu in the solid regime. On the contrary, LEOS 500 predicts Sn to be softer than our first-principles predictions and LEOS 820 predictions for the pressure-density Hugoniots of Pb are very similar to our DFT-MD results. For the temperature-pressure Hugoniot, the LEOS 500 predictions for Sn are similar to our DFT-MD data, while LEOS 260 (290) predictions for Fe (Cu) are higher and LEOS 820 predictions for Pb are lower by up to 4000 K (∼40% for Fe, ∼30% for Cu, ∼10% for Pb) in the pressure range of 2-4 Mbar.
The LEOS models are constrained by experimental Hugoniot data (up to 1.5-3.7 Mbar for Fe, Cu, Pb, and Sn) 61 and subject to errors due to the choice in the value of thermodynamic properties (e..g, Debye temperature and Grüneissen parameter) in the models for ion thermal and electron thermal (e.g., Thomas-Fermi or Purgatorio) contributions to the free energy, in particular at pressures where no experiment is available. This could be a major reason for the differences between the Hugoniots predicted by the LEOS models and our calculations. We note that the use of exchange-correlation functional in DFT to approximate the electronic interaction in real materials can also contribute to the differences, because of the non- uniformity of electrons density distribution due to the difference between the more localized inner-shell orbitals and the more extended valence and conduction states. Other factors, such as pseudopotentials and electron relativistic effects may also be critical when considering heavy elements 62 and high pressures. However, previous work have indicated DFT can predict high-pressure EOS that agree remarkably well with experiments. Examples include Cu under ramp compression to terapascal conditions 63 and the ground-state isotherm of a wide variety of materials up to 1 Mbar 64 . The thousands-Kelvin temperatures being studied are also much higher than the typical Curie temperature of metals, therefore the electron correlation effects could be less a problem than at the ground state. However, detailed discussion on this is beyond the scope of this work and will be addressed, for the case of Sn, in a separate publication 65 . 
B. Atomistic structure
We characterize the atomistic structure using the radial distribution function g(r), which reflects the local density changes as a function of the inter-atomic distance. The g(r) profiles of Cu at selected densities and temperatures are summarized in Fig. 2 . At 6000 K, the g(r) results show distinct peak-valley structures and long-range correlations, which are typical for a solid at high temperature and is consistent with that expected from a bcc crystal. This provides direct evidence for the stability of solid Cu at these conditions and is consistent with the EOS discontinuity that was discussed in the previous sub-section. Note that Cu in its ground state remains an fcc structure at pressures as high as 10-23 Mbar 63 , whose melting temperature, if estimated to ∼ 200 GPa based on the measurements by Japel et al. 60 , is in reasonable consistency with our estimated range (6000-7000 K) for the melting temperature of the bcc structure.
At temperatures of 8000 K or higher, the overall profiles of g(r) are similar among different isochores or isotherms: a primary peak exists at 2 Å, which is followed by a valley at 3 Å, two additional peaks at 3.8 and 5.6 Å that become weaker at larger distances, and a smoothly flattened tail at 6.2 Å or greater. The primary peak has a height exceeding 2, and it gradually decreases and broadens as temperature increases, or increases and shifts to smaller r as density increases. Coordination analysis of the liquid states indicates a coordination number CN=4πn r valley1 0 g(r)r 2 dr=12-14 for the first shell and the value is not clearly dependent on temperature or density, consistent with that of a simple close-packed liquid structure. Note that we would get CN=5-7 if using 8πn r peak1 0 g(r)r 2 dr, which indicates that, in liquid Cu, the nearest-neighbor atoms are pushed to larger r and the second-nearest-neighbor atoms are pulled to smaller r relative to those in a bcc solid.
Our g(r) profiles for Fe ( Fig. 3 ) are similar to those of Cu. The results show a bcc solid feature at 6000 K and 13.5 g/cm 3 but are simple close-packed liquid structures at all other conditions shown in the diagram.
The Sn and Pb results are shown in Figs. 4 and 5. We also present the structure factor S(k) results for Sn in Fig. 4 . Similar to the those of liquid Cu and Fe, the g(r) of Sn and Pb also has a primary peak that corresponds to CN=12-14 (when integrating to the first valley) and shows similar trends with density and temperature as those of Cu. However, the height of the primary peak gets smaller than 2, because of the high temperatures, and the peak positions look more similar to the neighbor-shell positions of a fcc than bcc solid. It is noteworthy that these are signatures of simple close-packed metallic liquid and do not depend on the initial structure of the simulation cell-we have compared 128-and 256-atom cells for Sn and found the same g(r) profiles. Recent x-ray diffraction measurements of Sn under shock compression to 90 GPa also show liquid structures that are consistent with the DFT-MD predictions 66 . A tiny bump is observed in Fig. 4 along the S(k) profiles of Sn at 12000 K but not at higher T . This indicates a gradual structural transition in liquid Sn at T ≤ 12000 K. However, we observe no clear difference between the g(r) profiles at 12000 K and those at higher temperatures, nor in the g(r) profiles of liquid Pb at the conditions considered in this study. Whether this is associated with LLP or electronic transition is an interesting question that is beyond the scope of discussion in this work and should be addressed in a future paper.
C. Self diffusivity
A basic transport property of a liquid is the diffusivity. This is usually characterized by the Arrhenius relation ln D ∝ 1/T , where D is the self diffusion coefficient and the slop corresponds to an "activation energy" E a , which indicates the energy barrier associated with the packing efficiency of the first shell of neighboring atoms.
We calculate the self diffusion coefficient D using the Einstein relation D = MSD/6τ, where τ is the length of the simu- lation in time , and plot the results for the four metals at representative densities in Fig. 6 . Our results show that, for all four metals, diffusion is hindered when density increases or temperature decreases, due to the increased packing or decreased kinetics. The Arrhenius behavior is satisfied for all the four liquid metals at various densities. The slope for the different metals at different densities are similar, indicating similar activation energy E a and coordination environment. This is consistent with our findings that all four metals in their liquid form have simple close-packed structures, based on the g(r) and CN analysis in the previous sub-section.
IV. CONCLUSION
In this work, we report first-principles equations of state, structures, and transport properties of four meltallic systems, Cu, Fe, Sn, and Pb, near the Hugoniot and at 1.5-5 Mbar conditions. The calculations are based on state-of-art quantum molecular dynamics using DFT, which provides an accurate description of the electronic interactions and significant advantageous over classical MD approaches.
Our EOS results allow estimating the melting temperature of bcc-Cu to be 6000-8000 K at 1.5-4 Mbar, similar to that of fcc-Cu estimated based on measurements at ≤ 1 Mbar. The melting temperature of bcc-Fe is ∼1000-2000 K lower than that of bcc-Cu and the Clapeyron slopes are similar, at variance with previous observations at pressures lower than 1 Mbar.
Our predictions of the shock Hugoniot benchmark the performance of EOS models for these materials. By comparing our first-principles Hugoniots to predictions of LEOS models, we find the Sn model (LEOS 500) is softer by ∼10% but gives reasonable temperature-pressure relation; the Pb model (LEOS 820) gives similar pressure-density relation but the Hugoniot temperature is lower, more so at higher pressures with a maximum of deviation of 10% at 4 Mbar; the Fe model (LEOS 260) and the Cu model (LEOS 290) also give similar pressure-density relations to our first-principles predictions for the liquid, but the Hugoniot temperatures are higher by ∼30%.
Our structural analysis indicates all the four metals in the liquid state and 1.5-5 Mbar are close-packed simple liquids, as characterized by a maximum peak in g(r) at 2-3 Å that decreases both in distance and height with temperature and decreases in distance but increases in height with density, and correspond to a coordination number of 12-14.
The self diffusion coefficient show good Arrhenius behavior with respect to temperature and indicate similar activation energy among the four different liquid metals, re-affirming that they form simple close-packed structures at the multi-Mbar conditions.
V. APPENDIX
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